Background: Structural abnormality of the substantia nigra can be detected by transcranial sonography in neuropsychiatric disorders such as Parkinson disease and restless legs syndrome. We investigated echogenicity of the substantia nigra as a potential structural marker for dysfunction of the nigrostriatal dopamine system in children with attention-deficit hyperactivity disorder (ADHD). Methods: We used a blinded design and determined echogenicity of the substantia nigra by use of transcranial sonography in 22 children with ADHD and 22 healthy controls matched for age and sex. Results: The echogenic substantia nigra area was significantly larger in ADHD patients than in healthy controls (F 1,42 = 9.298, p = 0.004, effect size = 0.92). We found no effects of age or sex. Limitations: Owing to a lack of dimensional assessment, we could not analyze the correlation between echogenicity and clinical symptoms. Conclusion: Our results support the hypothesis that the nigrostriatal dopaminergic system is abnormal in children with ADHD.
Introduction
Attention-deficit hyperactivity disorder (ADHD) is a highly prevalent neuropsychiatric disorder characterized by excessive motor activity, increased impulsivity and attention deficits. 1 Hypotheses about its pathophysiology implicate vari ous neurotransmitters including dopamine. 2, 3 Dopaminergic projections terminating in the striatum largely originate from the substantia nigra located in the midbrain. Because the structure of the substantia nigra is easily accessible by transcranial sonography (TCS), assessment of the substantia nigra by TCS may reveal important insights into the function of the dopaminergic system without ionizing radiation. 4, 5 Indeed, 2 prototypical neurologic disorders associated with dysfunction of dopaminergic neurotransmission have revealed abnormalities of the echogenic substantia nigra. In one study, the echogenic area of the substantia nigra was enlarged in a large proportion of patients with idiopathic Parkinson disease. 4 In another study, a reduction of the echogenic area was found in patients with restless legs syndrome. 5 To our knowledge, the echogenicity of the substantia nigra has previously not been investigated in patients with ADHD.
Methods

Participants
We included 22 clinically referred children with a DSM-IV diag nosis of ADHD combined subtype and 22 healthy control children matched for age and sex. Controls were recruited from local schools and via newspaper ads and flyers. The investigation was approved by the local ethics committee of the University of Wuerzburg. All participants and their legal guardians gave informed written consent.
All participants were fully assessed for psychiatric morbidity by use of a clinical interview (Kiddie-SADS) 6 and a child behaviour checklist. 7 We excluded patients with a history that suggested severe intellectual disability. All patients received the stimulant medication methylphenidate with good clinical response. For screening of controls, we retrieved German ADHD report forms (FBB-HKS) 8 from both parents and teachers and a German depression inventory (DIKJ). 9 We excluded controls with a psychiatric disorder according to Kiddie-SADS or any score above the clinical cut-offs of the applied instruments.
Transcranial sonography
We performed TCS using a commercial ultrasound device (Sonoline Elegra; Siemens) equipped with a 2.5 MHz transducer as previously described. 10 An investigator experienced in TCS (M.S.), who was unaware of the clinical status of the participants, performed the TCS examinations in a random order. Axial TCS scans were obtained bilaterally at the level of the midbrain through the temporal acoustic bone window using a penetration depth of 16 cm and a dynamic range of 45 dB. 11 For planimetric assessment of the echogenic substantia nigra area, we saved on the computer at least 3 ultrasound slides for each side with clearly visible and definable substantia nigra. The outer circumference of the echogenic substantia nigra area was manually circled off-line by an experienced sonographer (D.W.), who was also unaware of the clinical status of the participants.
The ultrasound image with the largest substantia nigra area was chosen for further analysis. 11 The size of the echogenic area was quantified using the freely distributed computer software GIMP (version 2.2.13; GNU Image Manipulation Program; www.gimp.org) allowing off-line quantitative analysis of images in bitmap format. For the purpose of quality control, a second investigator (M.R.) also performed the quantification of the substantia nigra area. The Spearman correlation between the raters was r = 0.85 (p < 0.001). In cases of clear disagreement (difference between substantia nigra areas > 20% in 2 patients and 4 controls), the quantification was jointly performed in expert council.
Statistical analysis
We used SPSS 16.0.0 (SPSS Ltd.) to perform an analysis of covariance with side (left or right) as a repeated measure and group (patient or control) as an independent measures; substantia nigra area was the dependent variable. We tested for possible confounding effects of sex and age by use of the same analyses of covariance with sex and age as covariates in separate analyses. For group differences, we calculated sensitivity and specificity according to classification by Fisher linear discriminant. The effect size was calculated using the F test statistic and degrees of freedom for the group main effect in the analysis of variance.
Results
The mean age of children in the ADHD group was 10.7 (standard deviation [SD] 2.5, range 7-16 yr), and the mean age in Romanos et al.
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J Psychiatry Neurosci 2010;35(1) Fig. 1 : Typical transcranial sonography findings. In the butterfly shaped mesencephalic brainstem (circled by the dotted line), the ipsilateral echogenic substantia nigra can be seen (full line). The echogenic area indicated by the substantia nigra area was regular in control participants (A) but was enlarged in patients with attention-deficit hyperactivity disorder (B). the control group was 11.1 (SD 2.4, range 7-16 yr; t 42 = 0.447, p = 0.66). In both groups, the male:female ratio was 15:7. Comorbid disorders were frequent in the patient sample (oppositional-defiant disorder 4, conduct disorder 5, dyslexia 5, dyscalculia 2, adjustment disorder 6, enuresis 3, encopresis 1, tic disorder 1). Scores on the child behaviour checklist were significantly higher among ADHD patients than among controls for externalizing and internalizing subscales and total score (data not shown).
The 2-factor analysis of variance showed a significant main effect of group (F 1,42 = 9.298, p = 0.004) but no significant main effect of side (F 1,42 = 1.750, p = 0.19) and no significant interaction effect of side by group (F 1,42 = 0.937, p = 0.34), indicating that ADHD patients had a larger substantia nigra area (left: mean 0.20, SD 0.06 cm 2 ; right: mean 0.20, SD 0.07 cm 2 ) than did controls (left: mean 0.16, SD 0.06 cm 2 ; right: mean 0.14, SD 0.04 cm 2 ) (Fig. 1) . The effect size was 0.92, specificity was 0.73 and sensitivity was 0.82. The inclusion of sex as a covariate did not change the results (group main effect: F 1,42 = 9.150, p = 0.004) and revealed no main or interaction effects of sex. Including age as a covariate gave similar results (group main effect: F 1,42 = 8.840, p = 0.005), and no main or interaction effects of age were found (Fig. 2) .
Discussion
We found that the echogenic substantia nigra area was enlarged in children with ADHD compared with age-and sexmatched controls. There is little knowledge about the physiologic development of substantia nigra echogenicity during life. To date, we are only aware of one study that investigated the substantia nigra of children by use of TCS. In a correlational study, a gradual postnatal decline of substantia nigra echogenicity in 109 children aged 0-192 months was reported, suggesting an age-dependent modification during the first decade of life. 12 Therefore, the increased substantia nigra echogenicity in our sample of ADHD patients relative to healthy controls might be explained by a developmental delay. This assumption is supported by findings in ADHD pointing to a maturational delay in relevant neuroanatomic brain regions. 13 However, in our study, with participants aged between 7 and 16 years, we were unable to detect any significant correlation between age and echogenicity, suggesting that maturational changes in substantia nigra echogenicity might predominantly occur in the first years of life. 13 Although most findings with regard to a presumptive developmental delay in ADHD relate to diminished growth of cortical thickness, recent studies have reported structural alterations in the basal ganglia of patients with ADHD. 14, 15 In adults, enlargement of the echogenic substantia nigra area is considered to be a structural marker of dysfunction of the nigrostriatal dopaminergic system. Enlarged echogenicity in healthy individuals was associated with impaired uptake of [18F]-dopa in the basal ganglia (assessed by positron emission tomography). 10 Substantia nigra echogenicity was correlated to presynaptic dopaminergic dysfunction elicited by single photon emission computed tomography in patients with Parkinson disease 16 and with the severity of parkinsonism induced by neuroleptics in patients with schizophrenia. 17 However, there is still disagreement about how abnormal extension of substantia nigra echogenicity is related to the pathogenic substrate of Parkinson disease. Furthermore, the functional significance of increased substantia nigra echogenicity in children with ADHD is yet unknown.
Several studies suggest that enlarged echogenic substantia nigra area may be related to deposition of iron compounds (but no other trace metals). 18 Our results may then suggest that the developmental maturation of iron metabolism is altered in patients with ADHD. Because iron is an essential cofactor of tyrosine hydroxylase, disturbance of its function might result in alterations of dopamine synthesis. Thus, this mechanism might deliver a potential basis for an etiological model linking neuropsychiatric disorders like Parkinson disease, schizophrenia and ADHD to iron metabolism and TCS findings of enlarged substantia nigra echogenicity. 19, 20 However, the wellestablished association between iron content and echogenicity of the substantia nigra has not yet been demonstrated in children. Nevertheless, recent findings suggesting an association between decreased ferritin levels and severity of ADHD symptoms, supporting the notion that iron metabolism might be involved in the pathophysiology of ADHD. 21 An enlarged echogenic substantia nigra area has also been reported in individuals with Parkinson disease and depression, who concomitantly showed altered echogenicity of the raphe nuclei as a presumptive structural trait marker of a disturbed serotonergic system. 22 Because we did not determine the structure of the raphe nuclei in this study, we cannot draw any conclusions about what further neurotransmitter systems may be altered in children with ADHD. 
Limitations
Both comorbidity and central nervous medication in our patient sample might have confounded our results; however, neither methylphenidate nor the comorbid disorders present in our sample are known to influence substantia nigra echogenicity. The large effect size and both its high sensitivity and specificity render it unlikely that our findings are because of chance. Nevertheless, residual confounding cannot be completely ruled out.
Conclusion
Our results suggest that assessment of substantia nigra echogenicity might be useful in diagnosing ADHD. To clarify its clinical significance, future studies should involve dimensional assessment of neuropsychiatric symptoms and investigations of executive function while accounting for possible confounders such as comorbidity and the use of central nervous system medications. To date, it remains unclear whether an enlarged echogenic substantia nigra area in ADHD patients can be attributed to a primary disturbance of nigral iron metabolism, whether it is related to a primary developmental delay of brain structure, or whether it indicates a general structural marker for dysfunction of the dopaminergic system. Longitudinal study designs may determine the physiologic course of substantia nigra echogenicity and its relevance in the pathophysiology of neuropsychiatric disorders.
